SYNOPSIS. In the central nervous system of Helix pomatia 22 cells taking part in the regulation of the cardio-renal system have been identified. These cells are scattered throughout the visceral and right parietal ganglia. Among identified cells sensory, motor, and interneurons were found and the hierarchical character of the network was stated. The network regulating heart activity was found to be of the over-guaranteed, convergent type, where the inputs predominate and the outputs form independent, parallel pathways, being coordinated by interneurons. This neural network can be divided into two levels: collectors and coordinators, which are responsible for the conduction or analysis of the afferent inputs, respectively. The localization of identified cells was studied by intracellular and retrograde injection of CoCl 2 . Primary sensory cells were found to be bipolar, motoneurones and interneurones were unipolar or pseudo-unipolar with rich arborization within the ganglia.
INTRODUCTION
Recently, in addition to investigation of membrane events at the cellular level, the structural and functional organization of simple neural nets or ensembles has come into the foreground. In comparison with elementary membrane processes, investigation of a neuronal network containing a given number of cells represents a more complex level of research and creates a transition from neurophysiological investigations on the cellular level to behavioral studies of integrative functions.
The central nervous systems (CNS) of invertebrates now offer widely used models for studying structural and functional organization of the neuronal networks connected with the regulation of certain functions or organs. These simple models provide quantitative analysis of the changes taking place in each neurone of the system, as an answer to the activation of various inputs. In the CNS of invertebrates the integration of various peripheral signals can be studied experimentally.
A number of the central regulatory functions of motor and visceral systems have recently been investigated in molluscs (Walker et al., 1970; Wilgenburg, 1970; Kandel and Gardner, 1972; Koester et al., 1973; Willows, 1973; Kandel, 1976, etc.) . Cardiac regulatory motor neurones and interneurones have been described in the abdominal ganglion of Aplysia from Kandel's laboratory (see, Kandel, 1976) . However, the function of these neurones has only been identified on the basis of the efferent pathways, omitting the sensory inputs from the heart (Koester et al., 1973; Mayeri et al., 1974) . At the same time, we tried to identify the neuronal network taking part in the regulation of cardiac function in Helix pomatia by tracing the sensory inputs from the heart to the central neurones (S.-R6zsa and Salanki, 1973«; S.-R6zsa 1976; 1977) .
The present paper deals with the analysis of the neuronal network regulating the heartbeat and the cardio-renal system in Helix pomatia L. These questions will also be discussed: (1) which types of cells are involved in the neuronal network regulating heart activity; (2) whether there is any specification in the projection of the inputs originating from various parts of the cardio-renal system and (3) what type of connections exist between the identified neurons within the network, and how the regulatory units are organized in the whole system.
MATERIALS AND METHODS
The investigations were carried out on the brain-heart preparation of the active snail, Helix pomatia L. (S.-R6zsa and Salanki, 19736) . The preparation used in the experiments included the whole circumesophageal ganglia, intestinal nerve, heart, as well as the kidney, liver, vein and aorta ( Fig. 1 ). Intracardiac perfusion with physiological saline (Meng, 1958) was maintained under constant pressure. The heart was stimulated by tactile stimuli with a thin brush or by intracardial infusion of 5-hydroxytryptamine (5HT).
The heart contractions, the extracellular activity of the heart nerve, and the intracellular activity of two central neurones were registered simultaneously (Fig. 1) . The intracellular activity of the central neurones was registered by using conventional glass microelectrodes filled with 2.5 M KC1 and having resistances from 10 to 15 MOhm, and a high input inpedance amplifier (Vero, 1971) . For polarization of the soma membrane an appropriate bridge circuit was used. For registering the above signals, a four-channel Tektronix oscilloscope and a Brush recorder were employed.
Identification of the central neurones was made according to the reaction in response to the heart stimulation and by intracellular or retrograde injection of CoCl 2 . For staining the neurones by C0CL, the method of Pitman et al. (1972) was adapted to the CNS of Helix pomatia L. The retrograde injection of CoCI 2 was utilized as published earlier (S.-R6zsa and Salunki, 1973) .
RESULTS

Identification and localization of heart regulatory neuxtnis
As a result of our investigations 22 neurones involved in heart regulation have been identified. All of them received direct or indirect inputs from the heart; nevertheless, only some of them modified the activity of the heart. The neurones taking part in the regulation of the heart are scattered throughout the visceral and right parietal ganglia (Fig. 2) . The neural network identified in the central nervous system of Helix pomatia regulates both the heart activity and the whole cardio-renal system.
Among the neurones regulating the heartbeat and the cardio-renal system sensory neurones, motoneurones and interneurones were found. The sensory and motoneurones were identified according to the correlation of the soma spike with one component of the extracellular activity of the cardiac nerve; further, that the axons run toward the heart was proved by intracellular CoCl 2 staining. The majority of the sensory cells proved to be bipolar with rich arborization (Fig. 3A) , while motoneurones were unipolar or pseudounipolar (Fig. 3B ) and the interneurones had pseudo-unipolar axons (Fig. 3C ) which did not always terminate within the ganglia.
Most of the cells showed spontaneous activity during experiments. They generated endogenous action potentials, or were driven synaptically. Several silent neurones were also involved in heart regulation. With the spontaneously active cells, the reaction of the cells to tactile or chemical stimulation of the heart was generally either inhibition or increase in activity, but in some cases biphasic ellects occurred. The silent neurones were activated during heart stimulation. In the majority of the cells inhibition or excitation was due to the generation of inhibitory or excitatory postsynaptic potentials (1PSP or EPSP). The neurones failing to generate postsynaptic potentials were mainly primary sensory cells. Upon stimulation of the heart the silent cells produced synaptic or action potentials.
Most of the identified cells regulating heartbeat reacted to both tactile and chemical stimulation of the heart. I'pon tactile stimulation the acti\ity of 9 cells was increased. !2 cells were inhibited and one FIG. 1. The experimental arrangement for studying the connections of the heart and central nervous system in Helix pomatia L. SOG -suboesophageal ganglia; ni -intestinal nerve; nc -cardial branch of the intestinal nerve; 1-pulmonal vein; 2-liver; 3 -pericardium; 4-auricle; 5 -ventricle; 6 -aorta; 7 -kidney. P -perfusion chamber with physiological saline; DCA, ACA-amplifiers; ME -microelectrodes; BE -bipolar electrodes. IR lnd -photooptic arrangement for the registration of heart contractions. cell showed a biphasic reaction. Chemical stimulation of the heart caused increased activity in 7 cells, decrease in activity of 6 cells and a biphasic response in 3 cells. Several cells responded antagonistically to tacticle and to chemical stimulation.
The discharge of the soma was found to correlate with one component of the electrical activity of the heart nerve in RPal, RPa5, V12, V13, V14, V17, and V21 neurones. Their localization can be seen in Fig. 2 . Among these neurones V12 and VI3 proved to be inhibitory motoneurones of the heart, providing branches to the intestinal nerve (Fig. 4) . Intracellular staining for both cells proved that their axons are directed into the intestinal nerve (Fig.  4C) . The rest of the neurones showed asynchronous or delayed reactions as compared with the activity of the cardiac nerve. The neurones with simultaneous firing were taken for motoneurones or primary sensory cells, while the neurones with delayed reactions were regarded as interneurones or pacemaker neurones driving several other cells connected directly to the heart.
The firing pattern of the identified neurones and their changes under the activation of inputs
Together with motoneurones, interneurones also were identified, showing characteristic patterns of activity and being connected not only with the receptor area of the heart but with the pericardium, blood vessels, kidney and liver. Among them, neurone V21 proved to be most typical, playing at the same time a central role in the neuronal network regulating the heart.
The pattern of neurone V21 was tonic or phasic, either showing close correlation with heartbeat (Fig. 5) . The phasic pattern of cell V21 appeared as a burst coinciding with contractions of the heart. The burst of neuron V21 was composed of a varying number of action potentials, which decreased at high frequencies of heartbeat. Between bursts, inhibitory as well as excitatory post-synaptic potentials were present but during tonic firing of cell V21 the postsynaptic potentials were absent. The phasic pattern of cell V21 became tonic upon stimulation of the heart, blood ves- (Fig. 5) . A tonic pattern in cell V2 1 always resulted in inhihition of heart activity, regardless of the nature of the activated inputs leading to the tonic discharge. Depolarization of the soma membrane of the neuron V21 caused also tonic firing and stopping of the heartbeat. The phasic pattern of firing could be restored immediately by illumination of the ganglia (Fig. 5) .
The number and size of the action potentials appearing in the burst of cell V21 was in dose con elation with the frequency and amplitude of the heart contractions.
At a high frequency of cardiac activity the number of action potentials in the burst was lowered, while during rarer heartbeats their number increased. Above a certain frequency of heartbeat the peripheral stimuli failed to turn the phasic pattern of cell V21 into a tonic one and, consequently, the inhibition of cardiac activity was also postponed or delayed.
In isolated ganglia, in the absence of peripheral inputs, cell V21 only showed a tonic pattern of activity. intracellular injection of Cod., showed that neuron \'21 has a pseudo-unipolar 4 V-W^ iXvuf-f.
FIG. 4. The firing patterns and axonal pathways of the neurones V12 and VI3. A-firing of cell V12
(below), and the extracellular potentials registered synchronously from the heart nerve (above). B -the same as A but for the neurone VI3. C -the axonal pathways of cells V12 and V13 observed after mtracellular injection of CoCl 2 . n.i. -intestinal nerve.
shape in that its axon divides before leaving the visceral ganglion, one branch running to the intestinal nerve, while the other one is directed into the neuropile of the same ganglion and has a rich arborization there (Fig. 3C ). On the axon hillock, a large number of thin branches can also be observed. The shape of the neurone V2I differs basically from the sensory or motoneurones (Fig. 3) . Another cell, V20, receives information from many peripheral receptor areas. The peripheral inputs were found to modulate its activity pattern; however its firing failed to show any fixed pattern.
Cell 20 receives excitatory inputs from the heart, pericardium, blood vessels and kidney, and inhibitory input from the liver. However, the changes in its firing pattern did not modify the heart rate in the same manner in every case. Although tactile stimulation of both the vein and the heart led to an increase in firing frequency of cell V20, the heart stopped beating in the first case, while in the second case the frequency of heart contractions increased with a simultaneous decrease in amplitude (Fig. 6) . Depolarization of the soma membrane of cell V20 accelerated the heart rate.
Interactions between identified cells regulating heartbeat
The interconnections and the relationship between the central neurones taking part in heart regulation were also studied and an attempt was made to clear up the role of each neurone in the network. Neurone V21 was found to be in contact with numerous cells within the visceral ganglion. Some of the cells receive EPSPs while the other ones receive IPSPs from neurone V21.
Among others, cell V22 receives also IPSPs from neurone V21. Cell V22 has a symmetrically organized partner cell. These two cells were inhibited by large IPSPs during the stimulation of the heart, kidney and vein, however the stimulation of the aorta was without effect. On both cells, IPSPs and the inhibition of discharge appeared during the tonic firing of neurone V21. No direct connection was found between the two cells as the polarization of the membrane of either cell was without effect on the other cell (Fig. 7) , however, cell V21 influenced the firing of both cells in a similar manner. This shows that the firing of these two cells is synch ionized by a command element, but neither cell is coupled to its symmetrical partner.
Beside the symmetrically organized pair of cells there were also two neurones which were found to react with simultaneous short increases in frequency to the stimulation of different areas of the cardio-renal system, although their original patterns of activity differed. In this pair of cells one neuron was silent, while the other one showed regular firing and had IPSPs between spikes (Fig. 8) 1 -contractions of the heart; 2-pattern of neuron V21; 3 -electrical activity of the heart nerve.
the stimulation of ventricle and vein was less effective (Fig. 8) especially on the regularly firing cell. The increase in liring of these cells was identical in the case of stimulation of aorta and ventricle (Fig. HA,  B) . The same pair of neurones showed very little or asymmetrical reaction to the stimulation of liver and kidney.
In the neural circuit controlling the heart rate, two electrically coupled pairs of cells were also discovered. Among them a pair of cells reacting synchronously to stimulation of the heart was found in the right parietal ganglion (Fig. 9 ). EPSPs and a synchronous increase in frequency ol action potentials were ol>sei\ed dining stimulation of the heart, hut stimulation of the aorta was less effective (Fig. 9 ). Another pair of elect i ically coupled cells is shown in Fig. ;U) . The activity of these cells is demonstrated in Fig. 10 . In this case either the hyper-, or depolarization of the cells caused identical changes in the activity pattern of the partner neurone.
DISCUSSION
Fhe results showed that the neuronal network, regulating cardiac activity is scattered throughout the visceral and right parietal ganglia ol Ihhx pomutiu I.. This neuional network was found to contain 5 sec FIG. 6 . The relationship between the activity pattern of cell V20 and heart contractions. primary and secondary sensory cells, as well as motor-, and interneurons.
This regulatory system receives information from various receptor fields but the organ itself {e.g., the heart) is only affected by command elements. Many of the cells receiving inputs from the heart are not able to modify cardiac activity. V20 is such a cell, reacting to stimulation of the heart, pericardium, blood vessels and kidney, but only stimulation of the vein and the heart was found to produce changes in the heart rate. Supposedly, cells like this can only play the role of a collector in the neuronal network, and they can regulate movements only in a few cases, while in other cases they forward, distribute and classify the peripheral impulses. They can also take part in the temporal storage of peripheral signals without modifying the function of the effector organ.
According to our data, in the ganglionic nerve system the neurone ensemble regulating various organs or the system of the organs is also built up in a hierarchial manner. However, it represents only a functional hierarchy without a morphologically organized sequence. The hierarchial character of the system is emphasized by the presence of sensory, motor, and interneurons, found among the identified cells, as well as by the detection of the activation ol inputs on various levels. The data proved that different pairs of the cells transmit the information from various areas of the cardiorenal system to the central member of the network.
According to our data, the origin of the inputs is no longer distinguishable at the level of the central elements ol the network, e.g., in the activity pattern of interneurones. For example, in cell V2 I the activation of various parts of the cardio-renal system caused burst activity to turn into tonic activity, which always resulted in the inhibition ol the heartbeat (Fig. 5) . At the middle level of the network the origin of the inputs can be verified, as this part is specialized lor receiving inputs from various peripheral areas (aorta or vein, auricle or ventricle). The behaviour of the middle level of the network (Fig. 9) provides a possibility for dividing the neural network into subsystems. We suppose that the subsystems can be regarded as collectors of information, running from certain receptor fields, forming no direct connections with each other and being coordinated by command elements (interneurons) of the regulatory circuit. In the network regulating heartbeat, the transmission of information lakes place in parallel pathways, assuring the permanent supply of information to command elements, by alternative or combinative functioning. The command elements can realize their efleets by motoneurons too, and as a rule these efferent pathways are also doubled (Fig. 4) .
In Ajjlysiu all the neurones legulating heartbeat were found to be located in the abdominal ganglion (Mayeri et ai, 1974) . However, only the soma of a single interneurone (L10) was found among the identified cells; however other ganglia of /\j>lysid can also contain neurones involved in heart regulation. As the equivalent of the abdominal ganglion (ggl. visceral) has moved to the suboesophageal ganglionic ring in Helix, it can be suggested, that in Aplysia the pleural and pedal ganglia may also be connected with heart regulation. We even found cells involved in heart regulation in the cerebral ganglia in Helix (S.-R6zsa, unpublished), and this possibility cannot be excluded in the Aplysia CNS either.
In Helix the basic principle of the organization of the heart regulatory network was found to be similar to that described in Aplysia (Kandel, 1976) . The motor cells also formed here independent parallel pathways coordinated by double-action interneurons. These interneurones are also involved in the regulation and synchronization of the function of various other organs (heart, blood vessels, kidney and liver). The type of neural network identified in the heart regulation of Helix pomatia belongs to the category of overguaranteed, convergent networks (Deutsch, 1967) . In this system one independent pathway can successfully substitute for the whole system in dri\ing the regulated organ.
In Helix the inteineurones receive information from various organs. This information is transmitted to a large number of central neurons and modifies the reaction of the system as a whole rather than directly modifying the work of effectors. Thus the neuronal network is informed about a wide range of events, while the decision always depends on the vital demands of the regulated organ.
